Desai KM, Gopalakrishnan V. Decreases in splanchnic vascular resistance contribute to hypotensive effects of L-serine in hypertensive rats. Am J Physiol Heart Circ Physiol 298: H1789 -H1796, 2010. First published March 26, 2010 doi:10.1152/ajpheart.00810.2009.-L-Serine administration reduces mean arterial pressure (MAP) in spontaneously hypertensive rats (SHR) and Wistar-Kyoto (WKY) rats rendered hypertensive by chronic oral treatment with the nitric oxide synthase inhibitor N -nitro-L-arginine methyl ester (L-NAME). To determine if the fall in MAP was due to decreases in vascular resistance or cardiac output (CO), and to record regional hemodynamic effects, we measured the distribution of fluorescent microspheres to single bolus intravenous injections of L-serine (1 mmol/kg) in 14-wk-old male WKY, SHR, and L-NAME-treated WKY rats. MAP and total peripheral resistance (TPR) were significantly higher (P Ͻ 0.01), whereas CO was lower in L-NAME-treated WKY (P Ͻ 0.01) and SHR (P Ͻ 0.05). L-Serine administration led to a rapid fall in MAP (WKY 22%, L-NAME-WKY 46%, SHR 34%,) and TPR (WKY 24%, L-NAME-WKY 68%, SHR 53%), whereas CO was elevated. In WKY rats, L-serine induced an increase in blood flow only in the small intestine (53%) while it was more profound in several vascular beds of hypertensive rats [L-NAME-WKY: small intestine (238%), spleen (184%), diaphragm (85%), and liver (65%); SHR: small intestine (217%), spleen (202%), diaphragm (116%), large intestine (105%), pancreas (96%), and liver (93%)]. Pretreatment with a combination of apamin (a small calcium-activated potassium channel inhibitor) and charybdotoxin (an intermediate calciumactivated potassium channel inhibitor) abolished the L-serine-induced changes in blood flow and TPR. L-Serine acts predominantly on apamin-and charybdotoxin-sensitive potassium channels in the splanchnic circulation to increase blood flow, thereby contributing to the fall in TPR and the pronounced blood pressure-lowering effect of L-serine in hypertensive rats. fluorescent microspheres; N -nitro-L-arginine methyl ester; L-serine; regional blood flow; spontaneously hypertensive rats THE PLASMA CONCENTRATION OF L-serine is 130 mol/l in both humans and rats (6, 7, 21) . Recently, we demonstrated that in vitro addition of L-serine (10 -200 mol/l) evoked concentration-dependent, endothelium-mediated, but nitric oxide (NO)-and prostanoid-independent vasodilatation in phenylephrineconstricted third-order branches of rat mesenteric arterioles set up in a wire myograph apparatus. The maximal vasodilator responses evoked by L-serine were higher in vessels isolated from rats rendered hypertensive by 4 days of chronic oral treatment with the nitric oxide synthase (NOS) inhibitor,
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-nitro-L-arginine methyl ester (L-NAME). Such endothelium-dependent vasodilator responses to L-serine were suggested to be mediated via recruitment of endothelial calcium-activated potassium (K Ca ) channels (25) . In support of this in vitro observation, in vivo studies performed by acute single bolus intravenous administration of L-serine led to a rapid, reversible, and dose-dependent (0.1-3 mmol/kg) fall in mean arterial pressure (MAP). The maximal fall in MAP evoked by L-serine (3.0 mmol/kg) was significantly higher in both L-NAMEinduced hypertensive rats (93 mmHg) and spontaneously hypertensive rats (SHR, 81 mmHg) than the fall recorded in normotensive Sprague-Dawley (30 mmHg, i.e., 25%) or Wistar-Kyoto (WKY 46 mmHg) rats (25, 26) . These data led us to hypothesize that L-serine could target several vascular beds to promote vasodilatation and perhaps recruit multiple mechanisms to evoke a pronounced blood pressure (BP)-lowering effect in hypertensive rats.
Importantly, we had not determined if the BP-lowering effect of L-serine in hypertensive animals was due to a decrease in total peripheral resistance (TPR) or a fall in cardiac output (CO). Moreover, the contribution of the various regional vascular beds to the overall systemic hemodynamic effects of L-serine has not been studied. Therefore, the present study used the fluorescent microsphere distribution technique to quantify the changes in regional blood flow, regional vascular resistance in different tissues, and the systemic hemodynamic effects evoked by L-serine. The changes in MAP, heart rate (HR), TPR, and CO following acute intravenous infusion of a submaximal dose of L-serine (1 mmol/kg) were determined in anesthetized 14-wk-old male normotensive WKY, SHR, and WKY rats rendered hypertensive by chronic oral treatment with the NOS inhibitor, L-NAME.
MATERIALS AND METHODS
Animals. Twelve-week-old male WKY rats (320 -350 g) and SHR (250 -270 g) obtained from Charles River (St. Constant, Quebec, Canada) were acclimatized for 1 wk and used in the study. This study was approved by our University Committee for Animal Care and Supply, which follows the guidelines established by the Canadian Council on Animal Care and the United States National Institutes of Health (NIH publication No. 85-23, revised 1996). One group of WKY rats received L-NAME (0.7 mg/ml in drinking water given ad libitum) for 4 days (8, 25, 26, 30) . All other rats received plain water. The rats were 14 wk old at the time of experiments. SHR and L-NAME-treated rats served as hypertensive models, whereas WKY rats served as the control group.
Surgical procedure and drug infusions. All rats employed in the study were fasted for a period of at least 8 h before the microsphere administration was carried out. Rats were anesthetized with thiopental sodium (100 mg/kg ip) as described earlier (8, 30) . Body temperature was maintained at 37°C with a controlled heating pad. The trachea was cannulated to allow spontaneous breathing. The right femoral artery was cannulated with polyethylene tubing (PE-50) and connected to a pressure transducer to record changes in MAP and HR using a PowerLab data acquisition system (AD Instruments, Sydney, Australia). The left femoral artery was cannulated and connected to a reciprocal syringe pump (Harvard Apparatus, Quebec, Canada) for collecting the reference blood sample (19) . The left femoral vein was cannulated to administer saline (vehicle) and L-serine (prepared in saline, pH adjusted to 7.3) given as a bolus injection (1 mmol·0.4 ml Ϫ1 ·kg Ϫ1 ). The right carotid artery was cannulated with PE-50 tubing connected to a pressure transducer. A cannula was guided through the common carotid artery in the left ventricle to administer the fluorescent microsphere, and it was ensured that different colors of micrsospheres were infused either before (control) or soon after the bolus administration of L-serine. The placement of the cannula tip in the left ventricle was confirmed by pressure waveform as described earlier (12, 14) . In some studies, a combination of apamin plus charybdotoxin (75 g/kg of each) was infused slowly over a 10-min period, and this was administered 45 min before bolus administration of L-serine to ensure that small (SKCa)-and intermediate (IKCa)-conductance K Ca channels were blocked in vivo as established earlier (25, 26) .
Hemodynamic measurements using fluorescent microspheres. Four different colors (green, yellow, red-orange, and carmine) of 15-mdiameter fluorescent microspheres (FluoSpheres) were purchased and stored at 4°C. It is now feasible to infuse up to four different colors of microspheres in the same rat to determine the changes in organ blood flow both before and after administration of different drugs by carefully pairing microspheres that have different absorption/emission wavelength characteristics (4, 10, 12, 14, 18, 32) . Microspheres were sonicated and vigorously vortexed for 2-3 min just before use to avoid sedimentation, then diluted to a final volume of 0.3 ml. Microspheres (80,000 -100,000) were suspended in 0.3 ml of 0.9% saline containing 0.01% wt/vol Tween 20. Microspheres were vortexed and immediately injected in the left ventricle through the carotid artery cannula over a period of 20 s and flushed with 0.3 ml saline over a period of 20 s. Concurrently, for the reference blood sample, blood was withdrawn from the femoral artery, downstream from the site of microsphere injection, at a rate of 0.5 ml/min, starting 10 s before simultaneous infusion of test drug and microspheres by injection and continued for a further 70 s. The reference blood sample was transferred to a tube with anticoagulant, mixed well, and kept on ice (19) . This procedure was carried out first with vehicle (saline) administration to get the baseline values and then with L-serine (1 mmol/kg) administration after 10 min, by employing a different-colored microsphere (14, 18, 19) to determine L-serine-induced changes in various hemodynamic parameters in the same animal. An overdose of thiopental was administered 10 min after the last microsphere injection to terminate the experiment, and all organs were rapidly removed.
The heart, left and right kidney, liver, lungs, spleen, brain, stomach, small and large intestine, diaphragm, and pancreas were collected in whole or part to quantify the fluorescence intensity of the dye from microspheres captured in each tissue. Briefly, the organs were removed and rinsed with cold saline, patted dry, weighed, and placed in 15-ml glass tubes. Both the reference blood samples and tissues were digested for 24 -48 h in 3-4 ml of potassium hydroxide (4.0 M) solution per gram of tissue. The tubes were shaken thoroughly every few hours. After 48 h, the microspheres were recovered by centrifuging for 20 min at 2,000 g (Precision; Durafuge 100, Winchester, VA) (10, 12, 14, 32) . The supernatants were carefully removed, leaving Ͻ1 ml. The pellet with microspheres was rinsed with 9 ml of 0.25% Tween 80 in demineralized water at 60°C, vortexed, and centrifuged again at 2,000 g for 20 min. A final rinse with demineralized water without Tween was done, and the supernatant was carefully removed, leaving 1 ml. Cellosolve acetate (2-ethoxy-ethyl acetate, 3 ml) was added to the tubes, vortexed thoroughly, and allowed to stand for 4 h to dissolve the microspheres, which were then centrifuged again at 2,000 g for 10 -15 min (10, 12, 14) . The tubes were vortexed after 4 h and then centrifuged at 2,000 g for 10 -15 min. The supernatant was removed and used for measurement of fluorescence. To calculate the blood flow rate per tissue sample (ml·min Ϫ1 ·g Ϫ1 ), the following formula was used: Fi ϭ (Ii)(R)/Iref where Fi is flow to the individual sample (ml/min), Ii is fluorescence intensity of the sample, R is reference sample withdrawal rate (ml/min), and Iref is fluorescence intensity of the reference blood sample. CO was calculated by the following formula: total number of injected microspheres ϫ reference rate (0.5 ml/min)/no. of microspheres in the reference blood sample. MAP (mmHg), HR (beats/min), TPR (mmHg·ml Ϫ1 ·min Ϫ1 ), and organ vascular resistance (mmHg·ml Ϫ1 ·min Ϫ1 ·g Ϫ1 ) were calculated as established by others (1a, 4, 5, 12, 29) .
Measurement of fluorescence. An F-2500 fluorescence spectrometer (Hitachi, Tokyo, Japan) was used to measure fluorescence intensity at excitation and emission wavelengths between 350 and 750 nm using 5-nm slit width. Each individual sample was read in a 5-ml quartz cuvette in duplicate (4, 15, 19, 32) .
Validation of regional hemodynamics. Saline administration did not affect the relative distribution of microspheres or evoke changes in MAP. Because regional hemodynamic study is performed for the first time in our laboratory, before investigating the effect of L-serine, it was important to validate our data with responses to an endotheliumdependent vasodilator agonist, acetylcholine (ACh). A single bolus intravenous administration of a submaximal dose of ACh (10 nmol/ kg) significantly (P Ͻ 0.001) increased the blood flow to the heart (47% increase from control value) and both kidneys (32%) of WKY rats compared with saline administration in the same rats. ACh administration failed to affect the blood flow to heart and kidneys in hypertensive rats (L-NAME-treated WKY and SHR). Moreover, both basal and ACh-evoked increases in blood flow values were closely similar for the left and right kidneys with a variation of Ͻ5% between them (Fig. 1) . The blood flow to the liver was the lowest in all three groups, and it remained unaffected following ACh administration. The sequence of saline (vehicle) and ACh administration did not affect the responses to ACh in all three groups.
Materials. ACh, L-serine, and L-NAME were purchased from Sigma-Aldrich Canada (Oakville, Ontario, Canada); thiopental sodium was from Abbott Laboratories (St. Laurent, Quebec, Canada). Apamin and charybdotoxin were purchased from EMD Biosciences (La Jolla, CA). Fluorescent microspheres were purchased from Invitrogen (Carlsbad, CA). Statistical analysis. The data are presented as means Ϯ SE for five to seven rats for each group. When two groups were compared, the appropriate Student's t-test was employed. When three groups were compared, the data were subjected to ANOVA, followed by Bonferroni's post hoc test. The data were considered significant when the P values were Ͻ0.05 (5, 16) .
RESULTS

MAP values and the effect of L-serine.
MAP was elevated in L-NAME-treated WKY and SHR groups compared with the age-matched normotensive WKY group (Table 1) . The data from a representative experiment comparing the effect of a submaximal dose of L-serine on MAP changes in a rat from each group are shown (Fig. 2, A-C) . The data show that apamin plus charybdotoxin pretreatment abolished the hypotensive response to L-serine in all three rats (Fig. 2, A-C) . L-Serine (1 mmol/kg) administration led to a much greater fall in MAP in both L-NAME-treated WKY and SHR strains than in the WKY group ( Fig. 2 and Table 1) .
Comparison of systemic hemodynamic effects of L-serine. MAP and TPR values were higher in both L-NAME-treated WKY and SHR models compared with the WKY rats ( Table  1) . CO was lower in both L-NAME-treated WKY and SHR models. L-Serine administration significantly reduced MAP and TPR in the control WKY group. The fall in MAP and TPR was significant in L-NAME-induced hypertensive rats (P Ͻ 0.001) and in the SHR (P Ͻ 0.01). The reduced levels of CO seen in both hypertensive rat models were elevated following L-serine administration such that they were higher than the basal values in WKY rats ( Table 1) .
Comparison of basal blood flow changes. Saline administration did not affect basal blood flow values in all the three groups (WKY, L-NAME-treated WKY, and SHRs). In normotensive WKY rats, among the total of 12 organs studied, the left and right kidneys received the highest blood flow (5.4 -6.0 ml·min Ϫ1 ·g Ϫ1 ) followed by heart (3.4 -3.7 ml·min Ϫ1 ·g Ϫ1 ). All other organs received blood flows between 1.0 and 1.5 ml·min Ϫ1 ·g Ϫ1 , with the exception of liver, which received the lowest level (ϳ0.4 ml·min Ϫ1 ·g
Ϫ1
) of blood flow (Fig. 3, A-C) . In chronic L-NAME-treated WKY rats, the basal regional blood flow values were relatively lower in most organs studied with the exception of heart and brain (Fig. 3, A and B) . However, the decreases in basal blood flow to the spleen (P Ͻ 0.01), small intestine, and both kidneys (P Ͻ 0.05) were significant compared with their respective basal blood flow values in the control group of WKY rats. In the SHR, a significant (P Ͻ 0.01) reduction in blood flow to several organs was noted compared with WKY rats (Fig. 3) . The greatest reduction was in the kidneys and the spleen (P Ͻ 0.01) followed by small intestine, pancreas, and large intestine (P Ͻ 0.05) (Figs. 3 and 4) . Despite the reduction in blood flow to most tissues, the regional blood flow to the heart (P Ͻ 0.01) was significantly higher in the SHR group (Fig. 3, A and B) .
L-Serine-induced changes in regional blood flow. In the normotensive WKY rats, the L-serine-induced increase in blood flow (given as %increase above the control value) was significant only in the heart (34%, P Ͻ 0.05) and small intestine (53%, P Ͻ 0.05) compared with saline infusion values in the same group (Fig. 3, A and B) . In L-NAME-treated WKY rats, the increases in blood flow were significant in the following order: small intestine (238%, P Ͻ 0.01), spleen (184%, P Ͻ 0.01), diaphragm (85%, P Ͻ 0.01), large intestine (69%, P Ͻ 0.05), liver (65%, P Ͻ 0.05), heart (59%, P Ͻ 0.01), and kidneys (34 -36%, P Ͻ 0.05) (Figs. 3 and 4) . In the SHRs, the increases in blood flow were noted in several tissues in the following rank order: small intestine (217%, P Ͻ 0.01) Ͼ spleen (202%, P Ͻ 0.01) Ͼ diaphragm (116%, P Ͻ 0.05), large intestine (105%, P Ͻ 0.05), pancreas (96%, P Ͻ 0.05), and kidney (82%, P Ͻ 0.05) (Figs. 3 and 4) . In tissues or organs in which L-serine administration elevated blood flow to a significant extent, pretreatment with the apamin plus charybdotoxin combination normalized it to a level equivalent to that seen following saline treatment (Figs. 3 and 4) . Blood flows to the stomach and lungs were not significantly affected by L-serine administration in any of the groups (Fig. 3) . The increase in blood flow evoked by L-serine was significant in the diaphragm of L-NAME-treated WKY and SHR, and this was also seen in another skeletal muscle, gluteal muscle (Fig. 4) . Pretreatment with the apamin plus charybdotoxin combination abolished L-serineinduced elevated blood flow to both diaphragm and gluteal muscle (Fig. 4) .
Differences in the basal regional vascular resistance. Chronic L-NAME treatment of WKY rats (Table 2) led to an elevation in vascular resistance. This was significant (P Ͻ 0.01) in small intestine (127%), spleen (148%), and large intestine (114%) followed by a significant (P Ͻ 0.05) increase in all other tissues [liver (66%), diaphragm (34%), kidney (85%), pancreas (60%), stomach (65%), and lungs (61%)] compared with the vascular resistance in WKY rats receiving Each data point is the mean Ϯ SE of 6 rats. WKY, Wistar-Kyoto rats; WKY (L-NAME), WKY rats rendered hypertensive by chronic oral treatment with N -nitro-L-arginine methyl ester (L-NAME); SHR, spontaneously hypertensive rats; MAP, mean arterial pressure; HR, heart rate; CO, cardiac output; TPR, total peripheral resistance.
a P Ͻ 0.05, b P Ͻ 0.01, and c P Ͻ 0.001 compared with vehicle treatment in the same group. d P Ͻ 0.05 and e P Ͻ 0.01 compared with respective data of WKY group. saline administration ( Table 2) . Pretreatment with L-NAME did not elevate resistance in the heart or brain (Table 2 ). In the SHR group (Table 2) , a significant increase (P Ͻ 0.01) in vascular resistance was present in all tissues except heart and brain.
Effects of L-serine on regional vascular resistance. Only in the small intestine of the control group of WKY rats did L-serine administration produce a significant decrease (42%) in regional vascular resistance (Table 2) . However, L-serine lowered vascular resistance in most vascular beds of L-NAMEtreated WKY rats (Table 2 ). This was significant (P Ͻ 0.001) in small intestine (80%), spleen (61%), and liver (51%) followed by (P Ͻ 0.01) in diaphragm (52%), large intestine (47%), and finally (P Ͻ 0.05) in the heart (40%). A single bolus dose of L-serine administration did not change the vascular resistance in pancreas, stomach, brain, lungs, and kidneys. The magnitude of fall in vascular resistance encountered in the spleen of L-NAME-treated WKY rats following L-serine administration was very profound, and it was normalized to a level seen in the saline-treated normotensive WKY group (Table 2) . With the exception of heart, stomach, brain, and lungs, administration of L-serine lowered vascular resistance in almost all other tissues in the SHR group in the following rank order: (P Ͻ 0.001) in small intestine (66%), spleen (64%), liver (61%); (P Ͻ 0.01) in diaphragm (59%), large intestine (56%), pancreas (54%,); and (P Ͻ 0.05) in both kidneys (45%) ( Table 2 ).
DISCUSSION
Validation of microsphere distribution. The following findings validate that the regional hemodynamics data gathered with L-serine are appropriate. First, the basal values for volume of blood flow distribution to different organs following saline Fig. 2 . A representative experiment that compares the lack of fall in mean arterial pressure (MAP) following iv single bolus administration of vehicle (saline 0.4 ml/kg) and the fall in MAP following L-serine (L-S, 1 mmol/kg) bolus administration in 14-wk-old male WKY rat (A), WKY (L-NA) rat (B), and SHR (C). The horizontal bar with arrows indicates the time point when the microspheres were administered. The microspheres were also administered in all three groups either before or after pretreatment with a slow infusion of a combination of apamin and charybdotoxin (ChTX) (75 g/kg each) over 15 min, and the responses to L-serine were determined after 45 min. Similar data as shown were reproduced in 7 rats under each group. administration reported in the present study are consistent with data reported by other laboratories (4, 5, 10, 1213-19, 29, 32) . Second, the variation in blood flow levels between the two kidneys (right vs. left) is much lower (Ͻ5%) than the accepted level of a difference of Ͻ15% reported by other studies (15, 17) . Third, although a high concentration of ACh is known to enhance vasodilatation in all vascular beds under both in vitro and ex vivo conditions, previous studies using the microsphere distribution technique have shown that infusion of ACh at a rate of 2 mol·kg Ϫ1 ·min Ϫ1 promotes a significant increase in blood flow to the heart and kidneys (15, 17) . Consistent with the above data, intravenous administration of a single bolus submaximal dose of ACh (10 nmol/kg) for an appropriate comparison with L-serine administration increased the blood flow to heart and kidneys (Fig. 1) .
Mechanism of the hemodynamic effects of L-serine. It could be argued that a greater fall in MAP evoked by L-serine in hypertensive animals was simply a consequence of the higher baseline values, thereby increasing the potential for a greater hypotensive response. However, when MAP was raised by a constant infusion of phenylephrine, the fall in MAP evoked by L-serine was small and comparable to normotensive rats (25) . Thus the exaggerated responses to L-serine in hypertensive rats cannot be attributed simply to a baseline effect. It could also be argued that the greater effect of L-serine to lower MAP in hypertensive animals was nothing more than a reflection of the remodeled arterial walls known to occur in chronic hypertension, which could result in a generalized amplifier effect. However, the fall in MAP evoked by L-serine was more pronounced in male WKY rats subjected to L-NAME treatment for 4 days [MAP before L-serine treatment was 142 Ϯ 7 mmHg; after 1 mmol/kg L-serine treatment it was 77 Ϯ 6 mmHg; fall ϭ 65 mmHg] than in an age-matched 14-wk-old male SHR strain [MAP before L-serine treatment 166 Ϯ 6 mmHg and after treatment 109 Ϯ 7 mmHg; fall ϭ 57 mmHg]. Although vascular remodeling is likely present in the established phase of hypertension in 14-wk-old SHR, it is unlikely that L-NAMEtreated rats would have undergone significant vascular modeling following 4 days (96 h) of chronic L-NAME treatment. These data suggest that vascular remodeling and elevated MAP per se do not account for the greater degree of fall in MAP following single bolus administration of L-serine in hypertensive animals.
The data from the present study suggest that the effect of L-serine in the small intestinal and the splanchnic regional circulation contributes largely to the changes in systemic hemodynamic parameters such as the reduction in TPR and the associated fall in MAP in all three groups. In addition, L-serine also enhanced blood flow and reduced vascular resistance in both hypertensive rat models in the abdominal visceral region, Table 2 Each data point is the mean Ϯ SE of 6 rats. a P Ͻ 0.05, b P Ͻ 0.01, and c P Ͻ 0.001 compared with vehicle treatment in the same group. d P Ͻ 0.05 and e P Ͻ 0.01 compared with respective data of WKY group. namely the spleen, liver, diaphragm, and, to a minor extent, in the large intestine. These data confirm that L-serine predominantly targets the blood vessels in the abdominal region. Although basal MAP levels were elevated in both L-NAMEtreated WKY and SHR strains, there were differences in the regional vascular resistance and tissue selectivity between the L-NAME-treated WKY and SHR. In the case of SHR, elevated regional vascular resistance was present in almost all organs/ tissues studied except brain and heart, whereas the increase in vascular resistance was pronounced in the abdominal vascular beds in the L-NAME-treated WKY rats. Moreover, L-serine lowered vascular resistance in the pancreas and both kidneys in the SHR group and not in the L-NAME-treated hypertensive WKY rats. Thus there are subtle differences in the regional vascular bed flow responses to L-serine between L-NAMEtreated hypertensive rats and SHR. Pretreatment with a combination of apamin (a SK Ca inhibitor) plus charybdotoxin (an IK Ca inhibitor) infusion abolished the enhanced regional blood flow changes evoked by L-serine. When TRAM-34, a more selective IK Ca inhibitor than charybdotoxin, was combined with apamin (n ϭ 2), it also gave similar results to the apamin plus charybdotoxin combination. This confirms that the in vivo regional hemodynamic changes evoked by L-serine are linked to selective activation of SK Ca and IK Ca channels in the small intestinal and splanchnic vascular circuits as suggested earlier (20, 25, 26) .
. Regional vascular resistance evoked by bolus iv infusion of vehicle (saline 0.4 ml/kg) or L-serine (1 mmol/kg, 0.4 ml/kg) in 14-wk-old male WKY (320 -350 g), WKY (L-NAME) (320 -350 g), and SHR (250 -270 g)
Amino acids and BP. It has been known for a long time that ingestion of dietary proteins and gluconeogenic amino acids like L-serine increase glomerular filtration rate and renal plasma flow in both animal models and humans (2, 3) . Previous studies have shown that plasma and tissue levels of L-serine were lower in SHR compared with WKY rats of the same age (21) . Recent studies have reinforced that amino acids such as glutamic acid and taurine have significant BP-lowering effects in humans (31, 36) . Despite these studies, there are no systematic studies that establish the direct vascular effects of amino acids.
L-Serine targets the splanchnic vascular bed in hypertensive rats. Recently, we established that L-serine-evoked concentration-dependent endothelium-mediated vasodilatation was mediated by activation of endothelial K Ca channels (20, 25, 26) . Others have showed that N-octanoyl serine also evoked NOindependent vasodilatation (24) . Acute intravenous administration of L-serine evoked a much higher fall in MAP in SHR and L-NAME-treated WKY rats (25, 26) . However, the degree of vasodilatation evoked by L-serine in our in vitro study was relatively much lower in the mesenteric arterioles isolated from control (20%) vs. L-NAME-treated (42%) rats compared with the in vivo effect (25) . The regional hemodynamic effects of L-serine obtained in the present study support our in vitro and in vivo findings (25, 26) . Moreover, the observation of a dose-dependent fall in MAP following acute intravenous bolus administration of L-serine to newborn piglets was accompanied by a significant reduction in splanchnic vascular resistance and enhanced blood flow, particularly to the small intestine (unpublished observation, Dr. Po-Yin Chueng's laboratory, University of Alberta). Taken together, all these data confirm that the effect of L-serine predominantly occurs in the small intestinal and splanchnic vascular beds, and this may contribute to the fall in systemic vascular resistance. L-Serine administration had no effect on blood flow changes or vascular resistance in the stomach, brain, or lungs. Although the blood flow is higher in the diaphragm, it is not known whether that is because of changes in the visceral blood flow by collateral circuits. However, examination of blood flow changes in another skeletal muscle (gluteus muscle) also gave identical results. Previous studies have shown that a splanchnic vascular network supplied via the celiac, superior, and inferior mesenteric arteries that branch off from the aorta give rise to small arteries that branch and anastomose extensively to maintain blood flow to the visceral organs (28) . Blood flow to this region accounts for 25% of the overall CO, and it is enhanced in the postprandial state (11, 28) . The intrinsic mechanisms and the metabolic factors that govern intestinal vasodilatation under such conditions are not fully understood, but adenosine is recognized as a potent vasodilator of the splanchnic vascular bed (27) . It is not known whether L-serine-induced vasodilatation is linked in some ways to vascular adenosine receptor activation/purinergic transmission (27) . Alternatively, it is also possible that L-serine is transported through the neutral amino acid transporter, LAT-1, into endothelial cells, and the movement of L-serine through this transporter may be linked to activation of endothelial K Ca channels to promote vasodilatation (20) . Under the in vivo setting, the high level of L-serine generated following ingestion of carbohydrate and protein-rich diet in the gut may be transported through the same transporter in the intestinal epithelium and the vascular endothelium during the process of absorption. Thus elevated L-serine levels could serve as a candidate that may selectively promote splanchnic vasodilatation to enhance food absorption (1b) . The data from the present study provide the impetus to pursue all of these possibilities in the future. The L-serine-induced increased blood flow and reduced TPR is not linked to activation of the endothelial NO system, since the responses to L-serine were much higher in chronic L-NAME-treated hypertensive rats. This is consistent with an earlier report that L-serine in fact promotes the efflux of arginine, the substrate for NO, and thus L-serine responses are not linked to generation of NO (22) . Although L-serine enhanced hepatic blood flow in hypertensive rats, it was relatively lower, since liver receives the majority of blood through the hepatic portal vein and a minor fraction from the hepatic artery (28) . Thus most of the microspheres coming to this region would be trapped in the splanchnic organs before entering the liver through the hepatic portal vein, and our microspheres would have measured only the portion of blood received by liver through the hepatic artery. Thus limited blood flow determination in liver is a physical limitation of this technique. L-Serine administration failed to affect the blood flow to lungs, brain, and stomach. Theoretically, pulmonary blood flow should be equal to CO. Lung blood flow could not be correctly determined by this technique because the microspheres were injected directly in the left ventricle. It may be possible that our microspheres would have measured only the lung nutritive blood flow. To summarize the overall data, based on blood flow changes and vascular resistance in different vascular beds, it is reasonable to conclude that the major effect of L-serine is localized to small intestine and splanchnic vascular beds. Thus the blood flow changes in the visceral region following acute L-serine administration could contribute to the alterations in systemic hemodynamic changes of fall in TPR and MAP.
Physiological significance and clinical relevance. Oral treatment with L-serine (Ͼ1.5 g/day) in humans has been attempted to treat chronic fatigue syndrome, depression, schizophrenia, and rare in-born errors of metabolism associated with L-serine deficiency (1, 6, 7) . The data from the present study suggest that acute intravenous administration of L-serine lowers visceral/ abdominal vascular resistance, leading to profound systemic hemodynamic changes in hypertensive states. Splanchnic blood flow is increased during the postprandial state, and powerful autoregulatory mechanisms maintain splanchnic blood flow during conditions of high sympathetic tone (11, 34) . Dysregulation in the splanchnic circulation may not only lead to dysfunction of splanchnic organ failure, but it could alter the systemic hemodynamics. It has been demonstrated that inadequate splanchnic perfusion could lead to increased morbidity and mortality in intensive care patients (23) . In vivo, L-serine is biosynthesized from glucose, threonine, or glycine metabolism (6, 7) . Thus postprandial elevation in the L-serine level following carbohydrate and protein diet could evoke vasodilatation in the small intestinal, splanchnic vasculature to promote absorption of nutrients. On the one hand, although a glucose breakdown product like methylglyoxal promotes oxidative stress and cardiovascular complications, L-serine may provide cardiovascular protection (6, 7, 9, 35) .
